We present the concept of H-COUP 2.0, a a fortran program for numerical evaluation of decay rates of the Higgs boson with a mass of 125 GeV and the decay width with higher order corrections (next to leading order (NLO) for electroweak and scalar loop corrections, and next to NLO for QCD corrections) in the Higgs singlet model, four types of two Higgs doublet models with a softly-broken Z 2 symmetry and the inert doublet model. In the previous version (H-COUP 1.0), only a full set of the Higgs boson vertices are evaluated at one-loop level in a gauge invariant manner in these models. H-COUP 2.0 contains all the functions of H-COUP 1.0. After shortly introducing these extended Higgs models and discussing their theoretical and experimental constraints, we summarize formulae for the renormalized vertices and the decay rates. We then explain how to install and run H-COUP 2.0 with some numerical examples.
I. INTRODUCTION
By the discovery of the Higgs boson at the LHC, exploring details of the scalar sector, which is responsible for the electroweak (EW) symmetry breaking, has become one of the most important subjects of high energy particle physics. On the other hand, the Higgs sector of the SM does not have any principle to determine its structure, differently from the gauge sector. Thus, non-minimal forms of the Higgs sector should also be considered as well, unless they are excluded by the current data. In addition, non-minimal Higgs sectors are often predicted in various new physics models which have been proposed to solve problems of the SM; i.e., the hierarchy problem as well as the existence of phenomena which cannot be explained in the SM such as neutrino oscillations, dark matter and baryon asymmetry of the Universe. Because the structure of the Higgs sector can strongly depend on each new physics scenario, exploring the shape of the Higgs sector is a key to determine the direction of new physics beyond the SM.
When additional Higgs bosons are discovered at future collider experiments, it provides direct evidence for a non-minimal Higgs sector. The structure of the non-minimal Higgs sector is then narrowed down by properties of additional Higgs bosons; e.g., electric charges, masses, couplings and so on. However, even if the second Higgs boson is not directly discovered, we can indirectly determine the structure of the Higgs sector by measuring deviations in observables for the discovered Higgs boson from the SM predictions such as couplings, the width, branching ratios and production cross sections. Currently, these observables are not sufficiently measured with enough accuracy for indirect searches for additional Higgs bosons. However, they are expected to be precisely measured at future experiments, such as the high-luminosity LHC (HL-LHC) [1, 2] , the International Linear Collider (ILC) [3] [4] [5] [6] , the Future Circular Collider (FCC) [7] , the Circular Electron Positron Collider (CEPC) [8] and the Compact LInear Collider (CLIC) [9] . For example, couplings of the discovered Higgs boson are expected to be measured with one percent level or better at the ILC with the center of mass energy of 250 GeV. Therefore, accurate calculations of the Higgs boson observables with radiative corrections are necessary to compare with their precisely measured values. Physics results obtained by preliminary version of H-COUP 2.0 have been presented in Refs. [38, 39] where NLO EW and NLO QCD corrections were implemented. We note that, with a process to make a public version of the H-COUP 2.0 program, we added NNLO-QCD corrections to the h → qq, gg, γγ modes. We also added h → µµ for the completeness of the list of the decay modes.
This article is organized as follows. In Sec. II, we briefly review the extended Higgs models, and define input parameters for each model. In Sec. III, we discuss renormalized vertices and decay rates of h(125) based on Refs. [16, 32-34, 38-41, 43] which are implemented in H-COUP 2.0.
In Sec. IV, the structure of H-COUP 2.0 is explained. In Sec. V, the installation and how to run H-COUP 2.0 are described with some numerical examples. Summary of this manual is given in Sec. VI.
II. MODELS AND CONSTRAINTS
In this section, we define the Higgs sectors of the HSM, the THDMs and the IDM. In particular, we uniformly and compactly introduce mass eigenstates of the scalar fields and free input parameters in each model. Since all the models are exactly the same as those in H-COUP 1.0, see the manual of Ver.1 [56] for details of definitions and descriptions about the models such as Lagrangian and some formulae.
In the all models covered in this manual, mass eigenstates of scalar fields are commonly represented as follows;
h : the discovered CP-even Higgs boson with the mass 125 GeV,
H : another CP-even Higgs boson,
A : a CP-odd Higgs boson,
H ± : a pair of singly charged Higgs bosons.
H-COUP 2.0 incorporates some theoretical constraints, i.e., the tree-level unitarity bound, the triviality bound, the vacuum stability bound (tree level and improved by renormalization group equations (RGEs) ) and the true vacuum condition, as well as an experimental constraint by the EW S and T parameters, which are exactly the same as those in H-COUP 1.0. Detailed descriptions for the constraints are given in the manual of H-COUP 1.0 [56] .
A. HSM
The Higgs sector of the HSM is composed of the SM Higgs field Φ, i.e., the isospin doublet Higgs field with hypercharge Y = 1/2, and an isospin singlet scalar field S with Y = 0. Detailed definitions of descriptions about the HSM are given in Refs. [40, 41] , whose notation is the same as the notation in this article. After the EW symmetry breaking, there appear two physical scalar states h and H by the mixing of neutral components of Φ and S. The Higgs potential has 8 free parameters. Two of them, the mass of h(125) m h , and the vacuum expectation value (VEV) v of the doublet field Φ are fixed, i.e., m h = 125 GeV and v 246 GeV. Moreover, the VEV of the singlet field, can be absorbed by the field redefinition [57] . Here, the following 5 parameters are chosen as input free parameters;
where m H and α are the mass of H and the mixing angle between h and H, respectively. We define the range of α as −π/2 ≤ α ≤ π/2. The remaining three parameters are the original parameters given in the potential.
B. THDMs
THDMs contain two isospin doublet Higgs fields Φ 1 and Φ 2 with Y = 1/2. In these models with a softly broken Z 2 symmetry, the two scalar fields are assigned different Z 2 charges with each other. H-COUP 2.0 covers four types of THDMs with different Yukawa interactions [58] [59] [60] , which are called Type-I, Type-II, Type-X and Type-Y. Please see Refs. [16, 32, 33] for details of the models. In the THDMs, three neutral scalar fields (h, H and A) and a pair of singly charged scalar fields (H ± ) appear as mass eigenstates. We choose the following 6 parameters as input free parameters,
where sin(β − α) ≥ 0 and tan β > 0 are taken, m H , m A , m H ± represent masses of the additional Higgs bosons, and α (β) is a mixing angle of CP-even (CP-odd) scalar components, and M 2 is a parameters describing the soft breaking scale of the Z 2 symmetry. When we take sin(β − α) and tan β as input parameters, we also have to specify the sign of cos(β − α).
C. IDM
The Higgs sector of the IDM consists of two isospin doublet Higgs fields Φ and η with Y = 1/2.
This model has unbroken Z 2 symmetry, so that Φ and η with different Z 2 charges do not mix their components. As a result, there are five types of scalar particles, i.e., h, H, A and H ± , where h (H, A and H ± ) is the original component of Φ (η). In H-COUP, the following five parameters,
are taken as for input parameters, where µ 2 and λ 2 are coefficient parameters of the quadratic and quartic terms of η in the potential, respectively. Details of definitions, formulae and descriptions for the IDM are given in Refs. [43] . Here, we outline the renormalization scheme for calculations of radiative corrections in H-COUP.
All Feynman diagrams are computed in the 't Hooft-Feynman gauge, and the UV divergences are renormalized by applying the improved on-shell scheme [34] 
A. Renormalized vertex functions
The renormalized hff and hV V vertices are expressed in terms of form factors aŝ
where p µ 1 and p ν 2 for the hf f (hV V ) vertex are defined as incoming momenta of fermion and antifermion (two weak gauge bosons), and q µ denotes the outgoing momentum of the Higgs boson. In contrast to these vertices, the hhh vertexΓ hhh (p 2 1 , p 2 2 , q 2 ) is a scalar function. The renormalized scalar functionsΓ hXX are commonly divided into two partŝ
where the loop part Γ i,loop hXX is further decomposed into 1PI diagram contributions and counterterm contributions, i.e. Γ i,loop hXX = Γ i,1PI hXX + δΓ i hXX . The tree-level contributions for each vertex function are written by
where scaling factors κ X for each extended Higgs model are summarized in Table II , and other form factors become zero at tree level, namely Γ 2,tree hV V = Γ 3,tree hV V = Γ a,tree hff = 0 (a = S). Explicit formula for the loop contributions of each vertex are give in Refs. [34, 40] , Refs. [33, 34, 41] , and
Ref. [43] for the HSM, THDMs and the IDM, respectively.
Scaling factors for Higgs couplings in the extended Higgs models at tree level. The factor ζ f in the THDMs varies in accordance with structure of Yukawa interactions , which is given in Table III . Table II .
B. Higgs decay rates
The decay rates for h → ff with higher order corrections can be schematically described as
where Γ 0 denotes the formula at the LO, i.e.,
with N f c = 3(1) for quark (lepton), and ∆ f EW and ∆ f QCD denote the EW corrections and the QCD corrections to h → f f , respectively. Hereafter, for all decay modes of the Higgs bosons, we commonly denote the contributions of EW (QCD) corrections as ∆ X EW(QCD) . The EW corrections ∆ f EW at the NLO can be further divided into the QED corrections (radiative corrections of a photon) and weak corrections (all the other EW loop corrections) as ∆ f EW = ∆ f QED + ∆ f Weak . For the decay into leptons f = , the NLO QED correction ∆ QED is given in the on-shell scheme by [11, 12, 65] 
and for the decay into quarks, the NLO QED corrections is given in MS scheme by [66] 
where µ is taken to be m h . Whereas, the weak corrections can be commonly expressed in terms of the renormalized Higgs vertex functions as
where ∆r denotes the radiative correction to the muon decay [67] .
The NNLO QCD corrections to h →are expressed in the MS scheme in a limit neglecting contributions with quark masses as [68] [69] [70] ∆ q QCD = 5.67
where N f is the active flavor number and the renormalization scale is taken to be at the mass of the where the function c can be found up to the three loop level in Refs. [72] [73] [74] [75] . In H-COUP 2.0, two options for the computations of Γ 0 (h → qq) can be selected: the one is computations with current masses for quarks, and the other is computations used MS mass for the Yukawa couplings.
The decay rates for h → V ff can be expressed as the same manner with h → ff , i.e.,
Here the decay rate at the LO, Γ 0 (h → V ff ), is presented in terms of a fraction V = m V /m h by [76] 
where the factor C V is C V = 4(v 2 f + a 2 f ) for the Z boson and C V = 1 for the W boson, and the function F ( V ) is written as
For h → Zff , further separation of the EW correction ∆ V EW into the QED part and the weak part can be performed as ∆ Z EW = ∆ Z QED + ∆ Z Weak , similar to h → ff . The NLO QED correction ∆ Z QED is given by the same expression to the SM [77] in the m f → 0 limit; i.e, 
with C F = 3/4. In H-COUP 2.0 the three-body-decays of the Higgs boson Γ(h → V ff ) are implemented. However, four body decays Γ(h → 4f ) are not included. They are calculated with NLO EW and NLO QCD corrections in HSM [78] and THDMs [79] .
The loop induced decays of the Higgs boson are also evaluated in H-COUP 2.0, i.e., Γ(h → gg) and Γ(h → Vγ) (V = Z, γ), including higher order QCD corrections. Analytical formulae for these processes can be found in Refs. [39, 40] , Refs. [33, 39, 80] , and Refs. [39, 43, 80] for the HSM, THDMs and the IDM, respectively.
For the Γ(h → gg), the QCD corrections up to NNLO in the MS scheme are implemented in H-COUP 2.0. The analytic expression for m 2 h /m 2 t → 0 is taken [68, 81] ,
where the active flavor number N f and the renormalization scale µ have been taken to be N f = 5
and µ = m h , respectively. Typically, the corrections of the NLO contribution (the first term) and the NNLO contribution (the second terms) are about 70% and 20% to the LO contributions, respectively. For the Γ(h → γγ), the QCD corrections up to NNLO are implemented in the limit m t → ∞ in the program. In this process, the QCD corrections are only implemented to the top loop diagrams; because that to the another quark loop contributions are numerically negligible.
Thus, top loop contributions denoted as Γ loop hγγ t are modified at the amplitude level as [68, 82] 
where we take µ = m h /2, following Ref. Table IV . In this table, ∆α em denotes the shift of the fine structure constant given at the zero energy α em to that given at the Z boson mass α em (m Z ), i.e.,
The strong coupling constant α s (m Z ) is given at the Z boson mass. For the calculation of the Higgs boson decay rates, we have to use the strong coupling constant at different energy scale µ such as the Higgs boson mass as discussed in Sec. III, which is calculated by using the RGE running. For the bottom and charm quark masses, we show both the on-shell and MS masses, where the former masses can be derived from the latter by perturbative calculations. In H-COUP 2.0, we simply quote the value of these on-shell masses from [83] . In the output block, H-COUP 2.0 tells us if a given configuration determined by the input parameters is allowed or excluded. If a given parameter choice is excluded, a message "Excluded by XXX" appears, where "XXX" can be perturbative unitarity, vacuum stability, triviality, true vacuum conditions and/or ST parameters. In the both cases, the output file is generated in the output directory. H-COUP 2.0 provides the decay branching ratios and the total width as well as outputs given in H-COUP 1.0 (the renormalized form factors).
V. INSTALLATION AND HOW TO RUN
In order to run the H-COUP program, users need to install a Fortran compiler (GFortran is recommended) and LoopTools [84] in advance. One can download the LoopTools package from [84] , and see the manual for its installation.
One can download the H-COUP program on the following webpage http://www-het.phys.sci.osaka-u.ac.jp/~hcoup
In the following, we describe how to run H-COUP 2.0 in order. • modules/ (module files of H-COUP)
We note that users do not need to touch the files in models/ and modules/, but only need to modify the input files in inputs/. in order. You can specify the order of calculations by typing the numbers, see also Sec. III B for details of quark masses.
Then, output files are generated in the output directory. If a given set of the input parameters is excluded by some of the constraints, a message appears in the command line. An example of the generated output file in outputs/ is shown in Fig. 2 .
5.
One can change the model-dependent input parameters by modifying the in hsm.txt, in thdm.txt and in idm.txt files in the input directory. One can also change the SM parameters and the squared momenta of the renormalized Higgs vertices by modifying the in sm.txt and in momentum.txt files in the input directory. These two files are commonly used to all the model files for each extended Higgs model. In Fig. 3 , we show an example of the input file for the HSM (in hsm.txt).
As a physics example computed by H-COUP 2.0, we also present branching ratios of the SM-like Higgs boson in four types of THDMs in Fig. 4 , where the NLO-EW and NNLO-QCD corrections are taken into account.
VI. SUMMARY
In this paper, the concept and the manual of H-COUP 2.0 have been presented, which is a set of fortran programs for numerical evaluation of decay rates of the Higgs boson with a mass of 125
GeV and the decay width with higher order corrections (NLO for EW and scalar loop corrections, and NNLO for QCD corrections) for various models of extended Higgs sectors. In H-COUP 2.0, 
